Abstract The present study focused on a brown macroalga (Halidrys siliquosa), with a particular emphasis on polyphenols and their associated biological activities. Two fractions were obtained by liquid/liquid purification from a crude hydroethanolic extract: (i) an ethyl acetate fraction and (ii) an aqueous fraction. Total phenolic contents and antioxidant activities of extract and both fractions were assessed by in vitro tests (Folin-Ciocalteu test, 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity, reducing power assay, superoxide anion scavenging assay, and β-carotene-linoleic acid system). For the most active fraction, i.e., the ethyl acetate fraction, the oxygen radical absorbance capacity (ORAC) value, antibacterial activities, and sunscreen potential (Sun Protection Factor and UV-A-Protection Factor) were tested in vitro. A high correlation found between antioxidant activities and total phenolic content was interpreted as the involvement of polyphenolic compounds in antioxidant mechanisms. Interestingly, the ethyl acetate fraction appeared to be a broad-spectrum UV absorber and showed a strong bactericidal activity against Pseudomonas aeruginosa, Staphylococcus aureus, and Escherichia coli. In this fraction, four phenolic compounds (trifuhalols and tetrafuhalols and, for the first time, diphlorethols and triphlorethols) were identified using 1D and 2D nuclear magnetic resonance (NMR) and MS analysis. These findings are promising for the use of H. siliquosa, abundant in Brittany, as a valuable source of photoprotectant molecules for sunscreen and cosmetic applications.
Introduction
One of the consequences of global change is an increase in the ambient level of ultraviolet (UV) radiation, particularly in southern areas (resulting from ozone depletion) (Thomas et al. 2012 ). This phenomenon, in addition to chronic sun exposure behavior, induces various skin-related disorders in humans, such as premature aging and skin cancer development (Lautenschlager et al. 2007 ; Thomas et al. 2012; Saewan and Jimtaisong 2015) . UV radiation mostly consists of UV-A radiation, which penetrates deep into the dermis and epidermis and is known to be responsible for the production of reactive oxygen species (ROS), which can cause DNA damage. UV-A is also known to cause premature skin aging by damaging the underlying structures of the dermis (Ichihashi et al. 2003; Lautenschlager et al. 2007 ). UV-B radiation, which represents a lesser proportion of the total UV radiation than UV-A, is known to be the solar light component the most inductive of skin cancer and can also cause DNA damage. It penetrates into the epidermis layer and causes some acute biological effects such as skin sunburn (Ichihashi et al. 2003; Lautenschlager et al. 2007) . In order to lower the risk of skin diseases, topical sunscreen applications have been developed (Ichihashi et al. 2003; Lautenschlager et al. 2007; Sambandan and Ratner 2011 ). An optimal sunscreen combines UV-A and UV-B filters in order to provide broadspectrum protection (Lautenschlager et al. 2007; Sambandan and Ratner 2011) . Present UV filters are, however, based on chemical compounds and cause many side effects, such as irritant or allergic reactions, dermatitis, and, in a few cases, severe anaphylactic reactions (reviewed in Lautenschlager et al. 2007 ). Thus, biotechnological research is now focusing on natural compounds, such as phytochemicals, that show promising bioactivities for sunscreen applications (Saewan and Jimtaisong 2015) , such as absorption and scattering properties and conservative actions, respectively, in sunscreen and other cosmetic products, and are suitable to replace some synthetic compounds. Among the organisms recognized as valuable sources of diverse bioactive chemicals, seaweeds remain an underexploited resource, especially in Brittany (Bourgougnon and Stiger-Pouvreau 2011) . Indeed, marine brown algae synthesize polyphenols, known as phlorotannins, that present various chemical structures (Singh and Bharate 2006) and have a large spectrum of biological activities (Li et al. 2011 ) of interest for skin protection. For example, phenolic compounds could have some antimicrobial (Eom et al. 2012) , antioxidative (Liu et al. 2011) , anticancer, radioprotective, and anti-inflammatory properties (Kim et al. 2009; Kang et al. 2013) . Moreover, in brown seaweeds, phlorotannins are of special interest regarding to the UV-radiation protective effect (Pavia and Brock 2000; Swanson and Druehl 2002; Schoenwaelder 2002; Huovinen and Gómez 2015) .
Previous studies on development of innovative natural products for preventive skin health care have been done by our laboratory (Surget et al. 2015) . Among brown macroalgae which grow along the coasts of Brittany (France) and can form dense forests in the subtidal zone, Halidrys siliquosa has been reported to have a high phenolic content ) and potentially useful biological properties, such as strong antioxidant and interesting antitumor activities (Zubia et al. 2009 ). Moreover, this species belongs to the Sargassaceae, a family which is known to present a natural diversity in bioactive compounds and is usually used as a model system for chemotaxonomic studies (Kornprobst 2010; Stiger-Pouvreau et al. 2014) .
The goal of this study was to show the sunscreen potential of phlorotannins from this marine brown alga, in particular to identify active compounds (phytochemicals) with several biological activities. It focused on antioxidative activities associated with antibacterial and photoprotection capabilities of the phenolic-enriched fraction. Moreover, the total phenolic content of this active fraction was quantified with the FolinCiocalteu assay and qualified by nuclear magnetic resonance (NMR) and MS analysis.
Materials and methods
Halidrys siliquosa (Linnaeus) Lyngbye (Ochrophyta, Phaeophyceae, Fucales, Sargassaceae) was collected on January 30, 2013, from the sheltered side of the Porsmeur site (N48°28′ 51″; W4°46′ 8″) near Lanildut (France). Apical and median parts of thalli were collected, while the holdfasts were left on place to minimize collection impact on the seaweed population. Immediately after collection, epiphytes were removed and parts of thalli were thoroughly washed with distilled water. The cleaned algae were cut into small fragments and homogenized to remove effects of intra-and interindividual variability. Samples were freeze-dried for 72 h and ground into powder for extraction.
Crude extraction and liquid-liquid purification processes
As described below and in Fig. 1 , two fractions (an ethyl acetate fraction (EAF) and an aqueous fraction (AqF)) were obtained from the purification of the hydroethanolic crude extract (CE).
Crude extraction To obtain the CE, 30 g of powder of thalli was extracted with 300 mL of ethanol/water (50/50, v/v) mixture (EtOH 50) in the dark at 40°C for 2 h under rotary agitation (200 rpm). Sample was centrifuged at 3000×g at 10°C for 10 min, and supernatant was collected. Next, the pellet was again extracted twice with 300 mL EtOH 50 in the dark at 40°C for 1 h under rotary agitation (200 rpm), and centrifugation was repeated. Finally, 900 mL of the supernatant was obtained, pooled, and evaporated at 40°C under vacuum to reach 100 mL of CE.
Liquid-liquid purification process CE was semi-purified in order to concentrate the phenolic compounds using a process already described . Briefly, the process consisted of three steps. The first step was three dichloromethane washings. The second step consisted in rinsing the aqueous phase (containing phlorotannins) with acetone and then with ethanol. Finally, the third step was three ethyl acetate rinses that permitted to obtain the aqueous (AqF) and the ethyl acetate (EAF) fractions. All further analyses were carried out on the CE and these two purified fractions.
Total phenolic content
Total phenolic content (TPC) was determined by spectrophotometry using an adapted Folin-Ciocalteu assay as described by Le Lann et al. (2008) and Zubia et al. (2009) . The samples (100 μL) were mixed with 50 μL Folin-Ciocalteu reagent, 200 μL of 20 % sodium carbonate solution, and 650 μL distilled water. Then, the mixture was allowed to stand at 70°C in the dark for 10 min. After a blue color was produced, the absorbance was read at 650 nm. The TPC was expressed in milligram per gram of dry weight (mg g −1 DW) from a standard curve of phloroglucinol (1,3,5-trihydroxybenzene) . This analysis was carried out in triplicate for each extract.
Antioxidant assays
2,2-Diphenyl-1-picrylhydrazyl radical scavenging activity The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity was determined by the method described by Zubia et al. (2009) , modified from Fukumoto and Mazza (2000) and Turkmen et al. (2007) . Briefly, 22 μL of CE and both fractions at various concentrations were mixed with 200 μL of a DPPH solution (25 mg L −1
) prepared fresh daily. The reaction was allowed to develop for 60 min in the dark at room temperature, before absorbance was read at 540 nm with a multi-well spectrophotometer. Water was used as a negative control and a s c o r b i c a c i d ( v i t a m i n C ) , 6 -h y d r o x y -2 , 5 , 7 , 8 -tetramethylchroman-2-carboxylic acid (Trolox), and 2(3)-tbutyl-4-hydroxyanisole (butylated hydroxyl-anisole (BHA)) as positive controls. This assay was done in triplicate for each sample. The percentage of DPPH inhibition was calculated using the equation published in Surget et al. (2015) . For each sample, a curve of extract concentration against % of DPPH inhibition was generated to estimate the concentration of extract needed to cause a 50 % reduction of the initial DPPH concentration. IC 50 was expressed in milligram per milliliter. A high IC 50 is considered as indicative of a weak radical scavenging activity and vice versa.
Reducing power assay Total antioxidant capacity of the seaweed extract was determined using the ferric reducing-antioxidant power assay, as described by Zubia et al. (2009) and slightly modified by Surget et al. (2015) . Briefly, 25 μL of sample at different concentrations was mixed with 25 μL sodium phosphate buffer (0.2 M, pH 6.6) and 25 μL 1 % potassium ferricyanide [K 3 Fe(CN) 6 ]. After homogenization and incubation at 50°C for 20 min, the mixture was cooled down in an ice bath prior to the addition of 25 μL 10 % trichloroacetic acid, 100 μL deionised water, and 20 μL 0.1 % FeCl 3 ·6H 2 O. After homogenization, the reaction was allowed to develop for 10 min at room temperature and the absorbance was then read at 620 nm on a multi-well spectrophotometer. An increase of the absorbance at 650 nm of the reaction mixture indicated that the molecules had some reducing power. Results are expressed as EC 50 in milligram per milliliter. This value was obtained by interpolation of a regression linear curve. This assay was carried out in triplicate for each sample and for the positive controls (ascorbic acid, Trolox, and BHA, as described above).
Superoxide anion scavenging activity (nitroblue tetrazolium) The superoxide anion scavenging assay was carried out according to Chua et al. (2008) , as slightly modified by Tanniou et al. (2014) . The reaction mixture consisted of 203 μL of 5 × 10 −3 M Tris-HCl buffer (pH 7.5), 57 μL 5 mM hypoxanthine, 30 μL 0.33 mM nitroblue tetrazolium (NBT), and 13 μL of the extracts, positive controls (ascorbic acid, Trolox, and BHA) or negative controls (distilled water and ethanol). After incubation at 25°C for 10 min, the reaction was started by adding 30 μL xanthine oxidase. The absorbance was measured every 3 min for 21 min at 560 nm. The inhibition ratio (%) was calculated from the equation published in Chua et al. (2008) . Results were then expressed as IC 50 in milligram per milliliter (the concentration of substrate that causes a 50 % inhibition).
β-Carotene-linoleic acid system test The antioxidant activity of samples was measured by the β-carotene bleaching method in accordance with Kaur and Kapoor (2002) and Koleva et al. (2002) after slight modifications, as described in Le Lann et al. (2008) and Zubia et al. (2009) . Briefly, 2 mL of a solution of β-carotene in chloroform (0.1 mg mL
) was added to round-bottom flasks containing 20 mg linoleic acid and 200 mg Tween 40. After evaporation with a rotavapor, oxygenated distilled water (50 mL) was added and the mixture was shaken to form a liposome solution. This mixture was added to 12 μL of extracts, positive controls (α-tocopherol, Trolox, and BHA) or negative controls (distilled water and ethanol). The absorbance of the solution at 450 nm was measured immediately (t = 0 min) and after 2 h at 50°C (t = 120 min). All samples were assayed in triplicate. Antioxidant activity was expressed through the antioxidant activity coefficient (AAC700 in mg per mL) described by Le Lann et al. (2008) . Furthermore, the lower the AAC700 was, the stronger the antioxidant activity became.
Oxygen radical absorbance capacity Oxygen radical absorbance capacity (ORAC) assay summarizes two results in a single value: the inhibition percentage and inhibition rapidity of peroxyl radicals by antioxidants, in competition with the substrate (Dudonné et al. 2009 ). The ORAC assay was performed by INVIVO LABS company (www.invivo-labs.com) on the most antioxidant fraction. The protocol was adapted from Cao et al. (1993) . Results were expressed as micromole Trolox equivalent (Te) per milligram.
Antibacterial activity
Antibacterial assays were performed by IDEA LAB company (www.groupeideatests.com), Plouzané, France. The most antioxidant fraction was tested against bacteria at 5 mg mL −1 in 1 % EtOH. The three tested bacterial strains, referenced in the European Pharmacopoeia 7.0 -(2011), were as follows: Pseudomonas aeruginosa (ATCC 9027), Staphylococcus aureus (ATCC 6538), and Escherichia coli (ATCC 8739). According to the benchmarks used, a product is bactericidal if a reduction of 4 or 5 log (AFNOR and European standards) of the bacterial concentration is obtained.
Protective efficacy: sun protection factor and UV-A protection factor
The photoprotective efficiency of H. siliquosa extracts was determined in UV-A and UV-B ranges (respectively, 320-400 and 290-320 nm) using a previously described in vitro method El-Boury et al. 2007 ). Sun protection factor (SPF) is used as a universal indicator to give information about the capacity of a product to reduce UVinduced solar erythema. An in vitro method makes it possible to highlight the UV filter role of organic or inorganic substances, which could later be incorporated into a sunscreen formulation for topical application.
Concisely, extracts were incorporated in a basic oil in water (O/W) emulsion to finally obtain an emulsion at 10 % (w/w) of extracts. Fifty milligrams of prepared emulsion was spread using a cot-coated finger across the entire surface (25 cm 2 ) of a polymethylmethacrylate (PMMA) plate (Europlast, France). After spreading, only 15 mg of the emulsion remained on the plate. Transmission measurements between 200 and 400 nm were measured using a spectrophotometer equipped with an integrating sphere (UV Transmittance Analyzer UV1000S, Labsphere, USA). Three plates were prepared for each extract to be tested, and nine measurements were carried out on each plate. SPF and UV-A protection factor (PF-UV-A) were calculated using the following equations:
EλSλTλdλ where E λ is the erythemal spectral effectiveness at λ, S λ is the solar spectral irradiance at λ, and T λ is the spectral transmittance of the sample at λ (Diffey and Robson 1989) .
Results are given as SPF and PF-UV-A. A higher SPF/PF-UV-A value indicates that a sample offers more protection against UV-B/UV-A by absorbance or reflection.
Structural elucidation of active molecules by nuclear magnetic resonance and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry analysis
The most antioxidant fraction was analyzed by 1 H and 13 C NMR. The 1D 1 H-and 13 C-NMR heteronuclear multiple bond correlation (HMBC) and heteronuclear single-quantum correlation spectroscopy (HSQC) experiments were carried out on a Bruker Avance 500. Samples were dissolved in 750 μL MeOD. Homonuclear and heteronuclear NMR spectra were recorded at 25°C. Chemical shifts were measured in parts per million using tetramethylsilane (TMS) as a chemical shift reference at 0 ppm.
Analysis by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF MS) was performed using a Voyager DE-STR MALDI-TOF mass spectrometer (Applied Biosystems). The most active fraction (EAF) of H. siliquosa was first diluted to 1 mg mL −1 in water. Then, 1 μL of this solution was diluted with matrix at 1/1, 1/10, 1/100, and 1/1000 and spotted onto the MALDI target. The matrix solution consisted of 2,5 dihydroxybenzoic acid (Sigma) 10 mg mL −1 in 50 % ACN and 0.1 % TFA. Spectra were acquired in positive ion reflector mode under 20-kV accelerating voltage, a delay time of 80 s, and a mass range of 100-5000 Da. Each spectrum was the sum of 10,000 single laser shots randomized over ten positions within the same spot (1000 shots/position) at a laser frequency of 20 Hz. External calibration was performed using the Peptide mix 4 calibration mixture (Laser Bio Labs). 
Statistical analysis

Results
Total phenolic content
The purification of the CE of H. siliquosa was efficient in generating a phenolic-enriched EAF, as shown in Table 1 , which compares the total phenolic contents (TPCs) of the CE and semi-purified fractions. Phenolic compounds were strongly concentrated in EAF. Indeed, almost 98 % of this fraction (975.73 ± 19.26 mg g −1 DW) consisted of phenolic compounds. The last 2 % is probably constituted of traces of fatty acids and carbohydrates, as it is shown by the 1 H NMR analysis (Fig. 2) Table 1 shows results of the antioxidant activities of the CE and both semi-purified fractions compared with positive controls, assessed by DPPH radical scavenging activity, reducing power assay, superoxide anion scavenging activity, and the β-carotene bleaching method. The CE and both fractions showed high DPPH radical scavenging activities. EAF exhibited the lowest IC 50 (0.020 ± 3.54 × 10 −4 mg mL ). In the β-carotene bleaching method, EAF showed the lowest AAC700 (0.206 ± 0.001 mg mL −1 , p < 0.05, Behrens-Fisher test). It should be noted, however, that this AAC700 value is significantly higher than those of the positive controls (e.g., 0.015 ± 0.001 mg mL −1 for BHA) ( Table 1) . Despite this last result, EAF showed strong antioxidant activities. Furthermore, whatever the antioxidant assay considered, AqF always showed the lowest activity by exhibiting a high IC 50 (DPPH and superoxide anion scavenging tests), a high EC 50 (reducing power assay), and a strong AAC700 (β-carotene bleaching method). These results meant that AqF showed a weak antioxidant activity.
Antioxidant activities
The EAF of H. siliquosa showed an interesting ORAC value of 5.39 ± 1.08 μmol TE mg −1 (Table 1) , which is comparable to the ORAC value measured for ascorbic acid (9.35 ± 0.63) mentioned by Huang et al. (2010) .
Correlations between antioxidant activities and phenolic content
It is worth noting that the EAF, with marked antioxidant activities, had the highest phenolic content (975.73 ± 19.26 mg mL −1 DW) whereas the AqF, which showed low antioxidant activities, had the lowest phenolic content (164.19 ± 7.58 mg mL −1 DW). These observations were confirmed by statistical analysis. Cluster analysis revealed a significant association between TPC and antioxidant activities (100 %). Moreover, non-significant associations were found between the two scavenging tests (DPPH radical scavenging and superoxide anion scavenging assays, 70 %) and between the reducing power test and β-carotene bleaching method (61 %). The principal component analysis (PCA, Fig. 3 ) confirmed that antioxidant activities were correlated with the TPC of the samples. Moreover, PCA showed that TPC values were strongly negatively correlated with EC 50 obtained with reducing power. This means that the higher the measured TPC of a sample, the lower its EC 50 and the stronger its antioxidant activity. Other antioxidant assays were less correlated with TPC. PCA also confirmed that DPPH radical scavenging and superoxide anion scavenging assays were positively associated.
Bactericidal activities
Results of the antibacterial assays are reported in Table 2 . The negative control (1 % EtOH) had no effect on bacterial growth, whatever the pathogen. In contrast, at a concentration of 5 mg mL −1 , EAF showed a strong bactericidal activity. Indeed, this fraction showed a reduction higher than 5 log of the initial bacterial concentration with P s e ud om o na s ae r u gi n os a a nd Es ch eri ch i a c oli (<1 UFC mL −1 ). Concerning Staphylococcus aureus,
EAF showed a bactericidal activity with a reduction of 4 . 5 l o g o f t h e i n i t i a l b a c t e r i a l c o n c e n t r a t i o n (75 UFC mL −1 ).
Photoprotective sunscreen activity
The absorption spectrum of the H. siliquosa EAF shows a band with a maximum at 376 nm. Moreover, the O/W emulsion manufactured with this phlorotannin-enriched fraction (Halidrys emulsion) had a SPF of 3.55 ± 0.29 and a PF-UV-A value of 2.20 ± 0.13. (Fig. 2) . Observations from the HMBC experiments (Fig. 4 and Table 3 ) confirmed the presence of polyphenolic structures. Indeed, the HMBC spectrum showed characteristic carbon atom resonances at (1) 96.10 ppm, corresponding to quaternary methine groups; (2) between 124 and 132 ppm, corresponding to diaryl-ether bonds (etherlinked phloroglucinol units); (3) between 142 and 148 ppm for additional OH functions other than the 1,3,5 OH groups originally present in each phloroglucinol unit; and finally, (4) between 152 and 159 ppm, signals for phenolic carbons (Fig. 4 and Table 3 ). We can, therefore, hypothesize that fuhalol-type units, and also phlorethol-type units, are present. Moreover, it is worth noting the absence of signals between 100 and 105 ppm indicative of the absence of aryl-aryl carbons and, thus, the absence of fucol-type units in this purified phenolic sample.
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
The MALDI-TOF analysis of the EAF of H. siliquosa revealed a molecular weight ranging from 222 to 763 Da (Table 4) . It could be resumed that the EAF contained small polyphenolic compounds with no more than six phloroglucinol units (oligomers). The peak-to-peak mass increments observed at 273. 06, 413.29, 523.36, and 537.38 Da could correspond to the formation of M+ Na adducts of (1) (250 Da), (3) (390 Da), and (4) (514 Da) (Table 4 and Fig. 5) . Moreover, the peak-to-peak mass increment observed at 375.03 Da could correspond to the formation of M+ H adducts of (2) (374 Da). The peak-to-peak mass increments observed at 343.31 and 365.30 Da could correspond to the formation of M+ H and M+ Na adducts of a compound with a native mass of about 342 Da that seems not to be a phloroglucinol oligomer. Table 4 gives the experimental and calculated masses of the polyphenolic oligomers identified for the EAF sample (Fig. 5) , together with their putative chemical structures. Masses of phlorethols and fuhalols were calculated using the respective chemical formula of a typical phlorethol and fuhalol (respectively, C 6n H 4n+2 O 3n and C 6n H 4n+2 O 3n+i , where n is the number of phloroglucinol units and i was the number of additional hydroxyl groups).
Discussion
The purification process used in the present study to purify phenolic compounds from H. siliquosa was highly efficient to isolating oligophlorotannins. This procedure was also Gall et al. 2015) , and also for halophytes (Surget et al. 2015) . The preliminary structural analyses of the EAF, combined with data from the literature (McInnes et al. 1984; Cérantola et al. 2006) , allowed the identification of four phenolic compounds: diphlorethols and triphlorethols and trifuhalols and tetrafuhalols. Until now, little information has existed on the chemical nature of phenolic compounds produced by H. siliquosa. Fuhalols had already been described in this species (Glombitza and Sattler 1973; Sattler et al. 1977) , but as these studies were done on non-native compounds (peracetylated compounds), the true nature of the phlorotannins present in H. siliquosa was not fully explored. Moreover, the present study is the first time which identified phlorethol-type compounds in this species. Phlorethols are known to be present in other Sargassaceae species, such as in Sargassum muticum and some Cystoseira species from Brittany (see Stiger-Pouvreau et al. 2014 for a review). Moreover, the co-occurrence of fuhalols and phlorethols was already known in other Sargassaceae species, like Cystoseira tamariscifolia (Glombitza et al. 1975) and Sargassum spinuligerum (Keusgen and Glombitza 1995), but not in H. siliquosa. Additionally, the phenolic compounds identified in H. siliquosa in the present study were oligomers of phloroglucinol. These results are in line with previous data on Sargassaceae species, which produces low-molecularweight phenolic compounds (Le Lann et al. 2012a ; Le Lann Harnita et al. 2013; Jégou et al. 2015; Montero et al. 2016 ) rather than high-molecular-weight phlorotannins as observed in the Fucaceae and Laminariales (Wang et al. 2012; Shibata et al. 2015; Heffernan et al. 2015) . In order to characterize the antioxidant capacity of extracts and fractions of H. siliquosa, four fast, reliable, and classical biochemical methods were used. Three of them (DPPH, NBT, and reducing power tests) represent a single-electron transfer (SET) reaction, whereas the β-carotene bleaching method (BCBM) represents a hydrogen atom transfer (HAT) reaction (Huang et al. 2005) . The antioxidant molecules can act as inhibitors of lipid oxidation through various different mechanisms in addition to free radical trapping, e.g., prevention of chain initiation, binding of transition metal ion catalysts, or peroxide decomposition (Frankel and Meyer 2000) . Thus, simple in vitro tests are an approach to evaluate the antioxidant capacity of samples, and the combination of four of them made it possible to bypass the inability of a one-dimensional test of antioxidant capacity to accurately mirror the in vivo complexity of interactions between antioxidants in foods and biological systems (Frankel and Meyer 2000) .
Among the tested samples, the EAF exhibited the highest antioxidant activity independent of what assay was used. Moreover, its antioxidant activity was equivalent to those displayed by the commercial antioxidants used as positive controls in this study (ascorbic acid, α-tocopherol, BHA, and Trolox) for the SET assays (DPPH, NBT, and reducing power). These results were reinforced by the ORAC value obtained for the EAF. Indeed, the ORAC value of the EAF (5.39 ± 1.08 μmol TE mg ) was close to the ORAC values obtained for ascorbic acid in the literature (Huang et al. 2010; Ishimoto et al. 2012; Fujii et al. 2013) . For the BCBM, the activity of the EAF is higher than those of commercial antioxidants. This test measures the activity of lipophilic molecules (Koleva et al. 2002; Le Lann et al. 2008) , so the active compounds would therefore tend to be polar or faintly apolar compounds. Moreover, in the BCBM, the system is complex, and the emulsified lipid in use introduces additional variables liable to affect the oxidation process (Zubia et al. 2009 ).
To our knowledge, this study is the second to provide evidence for the existence of high antioxidant activity in this seaweed species, following a screening of antioxidant and antitumor activities of non-identified phlorotannins (Zubia et al. 2009 ). However, our paper is the first to identify active purified native phlorotannins from H. siliquosa. Moreover, the antioxidant activities exhibited by the extract and fractions of H. siliquosa were positively correlated with their phenolic contents. Additionally, Fujii et al. (2013) evaluated the antioxidative properties of phlorotannins isolated from the brown alga Eisenia bicyclis (Laminariales, Lessoniaceae). These ). In the same way, in 2010, Parys et al. (2010) published ORAC values for phloroglucinol and fucophlorethols isolated from Fucus vesiculosus. Despite the unusual units used by these authors, their results showed that phloroglucinol was a little more active than fucophlorethols, meaning that oligomers of phloroglucinol could be more active than polymers for this test. Thus, our present study highlights, for the first time, the antioxidative potential of small phenolic compounds (oligofuhalols and oligophlorethols) from H. siliquosa. This enhances previous results on the high antioxidant potential of phenolic compounds from brown seaweeds. Further studies should now be carried out to isolate each phenolic compound and test them separately, to study potential synergy between phytochemicals. Furthermore, the marked correlation between the reducing power and the TPC could provide information on the antioxidant mechanism of phenolic compounds from H. siliquosa. Indeed, the reducing power determined in this work depends on the redox potentials of the compounds present in the sample. Therefore, it can be predicted that the phlorotannins present in the H. siliquosa EAF show low redox potential and, thus, a high antioxidant efficiency against free radicals (peroxyl or hydroxyl radicals) (Zhu et al. 2002) .
The EAF of H. siliquosa also showed bactericidal activities against three bacterial strains: Pseudomonas aeruginosa, Escherichia coli, and Staphylococcus aureus. The antimicrobial activities of phenolic compounds from seaweeds are very well known (see Eom et al. 2012 for a review), including phenolic compounds from H. siliquosa (Sattler et al. 1977) . The antibacterial activities of phlorotannins were reviewed by Li et al. (2011) , but this is the first time that bactericidal activities have been reported for a phenolic-rich fraction from H. siliquosa. More specifically, phlorotannins from Ascophyllum nodosum showed bactericidal activities against Escherichia coli (Wang et al. 2009 ). The bactericidal activities of phenolic compounds seemed to be related to the number of hydroxyl groups (Smith et al. 2003; Wang et al. 2009 ) and to the degree of polymerization of phloroglucinol within phlorotannins (Nagayama et al. 2002) . Moreover, Wang et al. (2009) suggested that condensed phlorotannins with high hydroxylation may inhibit bacterial growth by altering the cell membrane (Wang et al. 2009 ). The fuhalol compounds identified in the EAF of H. siliquosa have high hydroxyl functions. The oxidation potential of hydroxyl groups, well known in phlorotannins (Ragan and Glombitza 1986) , could explain their bactericidal activity, by alteration of bacterial cell membranes. Because this work is a preliminary study, there is now a need to test the dose effect to identify the minimum inhibitory concentration (MIC) and the minimum bactericidal concentration (MBC) of the EAF. Nevertheless, such fraction is interesting and could be used in cosmetic formula itself as natural conservators.
The SPF obtained for the Halidrys emulsion is similar to eight UV pure synthetic filters authorized in the European Union, like homosalate for example, tested in O/W emulsion with the same method ). While UV-B protection is imperative, UV-A protection is now recognized as being equally essential. Indeed, if UV-B is considered as Bburning rays,^then UV-A can be considered as Baging rays ( Lautenschlager et al. 2007; Saewan and Jimtaisong 2015) . With a maximal absorbance (376 nm) in the UV-A range (400-320 nm) and a PF-UV-A about 2.20 ± 0.13, the EAF of H. siliquosa exhibited an absorbance and a sunscreen activity similar to the synthetic filter Avobenzone (358 nm and 2.76 ± 0.31 for maximal absorbance and PF-UV-A, respectively) (Lohézic-Le Dévéhat et al. 2013) . So, the EAF obtained from H. siliquosa is interesting because it appears to be a broadspectrum UV absorber, useful to be included as a natural filter in solar cream for example.
The photoprotective capacities of plant extracts have been demonstrated in previous studies. Indeed, using a similar in vitro UV method, three sunscreen emulsions with ethyl acetate plant extract (10 wt%) were tested in vitro and authors obtained SPF and PF-UV-A values ranging from 6.00 ± 0.42 to 9.88 ± 1.66 and from 3.64 ± 0.07 to 6.96 ± 0.21, respectively (Jarzycka et al. 2013) . Likewise, using the same protocol as the present study, one acetonic extract of the lichen Lasallia pustulata was found to have SPF and PF-UV-A maxima of 5.52 and 2.45, respectively (Lohézic-Le Dévéhat et al. 2013). Furthermore, usnic acid, extracted from the lichen Xanthoparmelia farinosa, was described as the best UV-B filter tested, with a protection factor similar to a commercial product called LSF 5 (4.1; Rancan et al. 2002) . Among marine macrophytes, the EAF from a Salicornia ramosissima extract is an interesting candidate to provide an effective protective action over the whole UV-A-UV-B range, with large SPF and PF-UV-A values (Surget et al. 2015) . Moreover, the photoprotection efficiency of seaweed extracts has been demonstrated for several species, as recently reviewed by Saewan and Jimtaisong (2015) . For example, the photoprotective potential of extracts obtained from 11 commercial brown algae and 10 commercial red algae was evaluated against UV-B radiation (Guinea et al. 2012 ). In the same way, phlorotannins isolated and purified from Ecklonia cava were demonstrated as effective at protecting against UV-B radiation (Cha et al. 2012) . Both of these studies used an in vivo test with a zebrafish (Danio rerio) embryo assay. In a more generalistic point of view, the common feature of UV-absorbing secondary metabolites is the presence of aromatic or conjugated bond structures as it is found in phlorotannins. Such molecules present a π-electron system, which is one of the most effective UV radiation absorbers (Cockell and Knowland 1999) .
One other point that would be taken into consideration is the spatio-temporal variability of phenolic contents. Indeed, the phlorotannin pool strongly depends on sites, seasons, and phenology of algae (i.e., Parys et al. 2009; Le Lann et al. 2012a; Celis-Plá et al. 2016) . So, knowledge of the chemical ecology of potentially exploitable species is essential to identify the best sites and seasons for the highest bioactivities.
In conclusion, this study emphasized, for the first time, the sunscreen potential and strong antioxidant and antibacterial capacities of a mix of four small phlorotannins, i.e., diphlorethols and triphlorethols and trifuhalols and tetrafuhalols, from the brown macroalga H. siliquosa. The antioxidant and sunscreen activities were found to be equivalent to several commercial antioxidant molecules and to some synthetic UV filters. Moreover, the correlation found between antioxidant activities and TPC supports the involvement of phenolic compounds in the antioxidant mechanisms. Furthermore, the EAF showed bactericidal activities against Pseudomonas aeruginosa, Staphylococcus aureus, and Escherichia coli, which represents interesting properties for proposing these compounds as natural preservatives in cosmetics for example. These findings therefore highlight the potential of this brown seaweed as a natural source of phytochemicals with several biological activities of interest to both the cosmetics and pharmaceutical industries. Nevertheless, it would be worth carrying out additional experiments in order to evaluate the photostability of compounds over time and to check for the absence of cytotoxicity so they can be used in formulations. Moreover, because our results suggest that bioactivities of the EAF are derived from the synergy between the active phlorotannins, other further studies need to be carried out to isolate and to separately test the bioactive compounds present in the active fraction in order to gain a better understanding of their mechanisms of action.
